The development strategy for what we believe to be a highly promising new family of superalloys is presented. Most superalloys reach their upper limit for useful service above 900°C: age hardened alloys encounter a dramatic drop of their very high strength because precipitates are no longer thermally and/or thermodynamically stable. Solid solution alloys still provide useful strengths slightly above 1000°C. In the temperature range 800 to 1100°C other strengthening mechanisms and phases must be used: examples are ODS alloys. The development presented consists in the production of a fairly fine grain structure (-50pm) in which nitride particles (with a size of 1-5 pm) are dispersed in order to avoid grain growth at high temperatures, and in the use of solid solution additions to promote additional high temperature strength and creep resistance. The useful temperature of this new alloy is situated in a range above SOO", up to 1100°C; below 800°C age hardened alloys are much stronger and therefore more suitable. The alloys were produced by nitriding a Ni-Cr melt under high nitrogen partial pressure. For typical content of 0.5-0.8N during alloy solidification lo-20~01.~~ nitrides were formed, and homogeneously dispersed in the matrix after thermomechanical treatment. A grain size close to 50 urn was obtained. The nitridation and themomechanical treatments have been carried out for different alloy compositions with a common Ni-Cr-N-base. The microstructure was shown to have a fairly good stability at 1lOO'C. Small grains are believed to be deleterious for creep resistance, because they can lead to accelerated creep by grain boundary sliding: for this reason many high temperature alloys do not contain grain boundaries or only very low angle ones and some others (ODS or DS) have large elongated grams. However, good creep resistance is believed to be achievable by stabilizing grain boundaries by the nitrides. In the alloys at temperatures below 1120°C the 7c nitride was observed; its precipitation was accompanied by a volume variation, which was measured by dilatometry. W, MO and Ta were considerated as possible solid solution strengtheners and their effect tested on the alloys. W was identified as best candidate. The n: nitride was found to be greatly stabilized by additions of MO and W. High temperature tensile tests revealed that the presence of nitrogen and tungsten induces a remarkable strengthening as well as the appearance of a pronounced yield phenomenon in the stress-strain behavior. Strength levels above 150 MPa at 1000°C were reached already with nitride-free Ni-Cr-N-W alloys.
Introduction
A fundamental way of reaching higher efficiencies in a gas turbine is to raise the service temperature. As a consequence, there is a constant demand, from strength and corrosion points of view, for materials suitable for ever higher service temperatures. Motivated by this challenge we are developing a concept to obtain elevated temperature strength in nickel-base alloys. When considering the use of alloys at high homologous temperatures (T/Tm >0.5) thermally activated processes start to play an important role; new glide systems may become active and diffusion causes microstructure evolutions, additionally vacancy diffusion assisted creep, dislocation climb as well as grain boundary migration and grain boundary sliding can occur. Superalloys found today in high temperature applications, such as gas turbines, are based mainly on y' precipitation strengthening, solid solution hardening or particles dispersion strengthening (or a combination of these). If specific mechanical properties at service temperatures above 900°C are required, precipitation strengthening might no longer be suitable because precipitates become unstable or rapidly coarse due to coalescence. Most superalloys reach therefore their upper limit for useful service above 900°C: age hardened alloys such as Nimonic 80Aor Waspaloy encounter a dramatic drop of their very high strength. Solid solution alloys such as Hastelloy W or Haynes 230 still provide useful strengths slightly above 1000°C. In the temperature range 800 to llOO°C other strengthening mechanisms and phases must be used: examples are ODS alloys. Oxides dispersion (ODS) alloys provide reliable strength up 1 IOO'C; however, their anisotropy, limited workability, relatively expensive cost and small rupture strain restrict their application. Superalloys development for service temperatures above 900°C up to 1 lOO"C, in the last decade has been characterized by strong solid solution strengthening additions together with the appearance of relatively fine-grained microstructures. A nickel matrix containing between 20 and 30 percent chrome is a common feature of these alloys (Haynes alloy HR120 and HR230, Into Alloy 601GC and others [1, 2, 31 ) taking advantage of the high temperature stability of the cfc-yphase and the high chromium content to increase the resistance to oxidation. The development strategy for what we believe to be a highly promising new group of Ni-base superalloys is based on strengthening a Ni-Cr matrix with nitrogen and some substitutional solid solution strengtheners on one side; and by creating a fine grain microstructure stabilized against grain growth by the precipitation of nitrides, on the other side.
Solid solution strenrzthening
At high temperature solid solution strengthening is mainly due to elastic (misfit) and modulus interactions between matrix and foreign atoms, while other contributions can be ignored [4] ; interstitials usually have a stronger strengthening effect than substituted atoms (relative per unit concentration), due to the tendency to produce non-spherical distortion in the lattice. In Table I a few elements, typically found in superalloys, are listed together with their atom radii and elastic properties. In a Ni30Cr matrix best candidates based on differences in size and moduli are primarily Re, W and also Nb, MO and Ta, as also found in ref. Each increment of 10 wt.% of tungsten and molybdenum the creep rate decreases by an order of magnitude, where tungsten strengthens to a somewhat larger extent than does molybdenum [3] , which is probably due to the difference in their elastic properties. Re as been also studied extensively as solid solution strengthener in nickel base alloys; it is also found to dramatically slow down diffusion at high temperatures [6] . Ta and Nb are often alloyed in order to precipitate intermetallic precipitates, as in Inconel718. The strengthening by interstitial nitrogen in steel is remarkable at room temperature [7] , and a similar effect should be expected in nickel based alloys. If these elements are to be used as solid solution strengtheners then it also important to consider the relative stability of their nitrides. For instance Ta and Nb form very stable nitrides. While MO and W form stable carbides, they are not very strong nitride formers [8] . In the case of Ta, for instance, in a Ni30Cr alloy containing nitrogen the matrix will be depleted of this element because of the precipitation of nitrides.
Grain boundary strenatheninq
For high temperature applications of polycristalline alloys, grain boundary sliding (GBS) has been identified as a major deformation mechanism [9, 10, 111 . In the creep deformation mechanism maps for pure nickel [12] large portions of the map are dominated by GBS. Because of their sliding at high temperature, grain boundaries have been avoided, partially or completely, by production of single crystals or directionally solidified alloys. In polycristal alloys a dispersion of sufficiently stable particles have been shown, theoretically and experimentally, to significantly reduce grain boundary sliding. In Ni-base superalloys, grain boundary carbides have been shown to decrease the creep rate by suppressing GBS [9, 10 131 . Of course avoiding grain boundaries, or using a coarse grains structure, will exclude grain boundary strengthening. It is not clear whether grain boundary strengthening can be effective at temperatures above 900°C although it has been shown that the Petch slope k,, varies weakly in the 77 to 300 OK temperature range for a series of binary Cu-Ni, Cu-Zn and Cu-Al alloys [14] . Grain boundary strengthening is known to be very effective in ferritic steels, but less so in austenitic iron based alloys [ 151.
Grain growth
In a similar way as with grain boundary sliding, particles are able to impede grain coarsening under certain conditions [16] . According to Ashby [17] , at high homologous temperatures, for particles smaller than r,= 3/2 fy/P (where ?(: boundary energy, P: driving pressure, f: volume fraction of particles), the boundary mobility decreases with increasing particle size. At homologous temperatures of 0.8 the mobility is in most cases controlled by matrix or interface diffusion. However, for particles larger than r, the boundary can escape and its intrinsic mobility is the controlling factor; in this range the model predicts an increasing mobility with increasing particle radius, calculated to be roughly of two orders of magnitude larger than for radii smaller than r,. The lowest mobility should be obtained with a radius slightly smaller than r,.
The Ni-Cr-N system
The solubility of nitrogen in iron-base melts is substantially higher than in a similar nickel-base alloys. The nitrogen solubility in a nickel-base melt can be raised by using higher partial pressures and alloying with Cr. With nitrogen partial pressure up to 50 bar, one can put more than 1% N in solution in the melt. The nitrogen solubility in the solid state for the same system is not as high, and primary nitrides precipitate. In this system four phases can be found depending on the temperature and composition: y (fee matrix), an hexagonal chrome nitride Cr,N (E), a cubic chrome nitride CrN and a mixed nitride: the 'II. phase [2, 18, 191 . It has been concluded that the 'II phase has the structure of g-manganese, and a stoichiometry close to Cr,,Ni,N, [18] . At 1OOO'C the rc phase is formed through the peritectoid reaction:
The phase was found to be unstable above 1100°C.
We have calculated the pseudo-binary phase diagram of the system Ni-Cr-N, for Cr content varying from 20 to 30 percent (using the software program Thermocalc@). In Figure Cobalt was considered as a candidate for partial substitution of nickel to control alloy nitrogen solubility without influencing other properties. The thermodynamical calculation for tantalum predicts no solubility in yand the precipitation of an intermetallic N-free TaNi-Cr phase and the A nitride. Because of the stability of TaN [7] this prediction appears suspicious. In the case of tungsten, cobalt and molybdenum, the calculation shows that the n-phase can contain some W, Co and MO respectively, by substitution of part of the Cr. The solubility limit of W in Ni20wt.%Cr is 17.5wt.% [2] .
Alloy develonment strategy
The system Ni30Cr shows very interesting features for high temperature applications. The presence of chromium allows the precipitation of nitrides; which, according to the calculated phase diagram for nitrogen concentration lower than -0.7wt.%, are not stable in the melt. It is therefore possible to precipitate a nitride in they phase during the solidification of the alloy. If precipitation occurs in the melt, then some of the nitrides would be segregated either to the top or to the bottom of the melt. In the case of CrN and Cr,N, for instance, having densities of 6.1 and 6.5 g/cm3 respectively, the precipitates would segregate in the slag (nickel base superalloys have densities of 8-10 g/cm3). A high chromium content also provides good high temperature oxidation resistance, which can be further improved with small additions of Y [20] . Interesting mechanical properties have been recognized to the Ni20Cr alloys strengthened with W and MO [2, 3] for high temperature applications. For instance Haynese23tla provides a 0.2% yield strength of 145 MPa at 982'; this alloys contains 14 wt.% W and 2 wt.% MO. Good strength and creep resistance have also been obtained with the alloy Ni30Cr(0.6-l)N [19] ; the 0.2 yield strength at 1000°C was 85 MPa, together with a 10,000 hours creep rupture strength higher than 12 MPa. The development strategy for what we believe to be a highly promising new group of Ni-base superalloys is based on strengthening a Ni matrix with 20 to 30% Cr with nitrogen and some substitutional solid solution strengtheners such as W, MO and Ta on one side; and by creating a tine grain microstructure stabilized against grain growth by the precipitation of nitrides, on the other side. From a manufacturing point of view, this alloy can be produced by nitriding the melt, avoiding processing by powder metallurgy. The development of this material demands fundamental investigations on several aspects: the phases that can occur as well as their properties, the role of interstitial nitrogen, the importance of its solid solution strengthening and grain boundary strengthening at high temperatures, the stability of the nitrides, the stability of the microstructure as well as the corrosion behavior. This paper presents the first part of the development dealing with the investigation on the Ni-Cr-N system and the influence of W, MO and Ta as well as on the role of interstitial nitrogen on mechanical properties.
Experimental procedure
Alloy manufacturing
Alloys used in this work were produced in a vacuum induction furnace using pure Ni (99.95%), Co (99.9%), Cr (99.91%) and binary alloys of 55.2%Ni-44.7%W, 56.2%Ni-43.6%Ta and 55.4%Ni-44.1%Mo (compositions in wt.%). The N-free alloys were then remelted in our in-house developed high nitrogen pressure induction furnace (see Figure 2) . The applied nitrogen pressure can be set between 1 and 200 bar, depending on alloy composition and the amount of nitrogen needed. The nitriding time and temperature were always 60 minutes and 1550°C, respectively. Typical pressures for Ni30Cr-based alloys in order to obtain 0.5-0.8 wt.% nitrogen are 15-25 bar. This values vary quite strongly with the Cr-content, as well as with the nature of other alloying elements. Once a 60 minutes nitriding time is reached, the melt is rapidly cooled down (-67'Umin.) by applying an approximately 8 times higher N, pressure, avoiding at the same time the danger of melt boiling. In Table II the compositions of the alloys discussed in this paper are given. The nitrided cylinders with a 50 mm diameter and a length of 90 mm were then homogenized for 24 hours at 1250°C. In order to obtain a fine and homogenous disper- sion of the nitrides, the specimen were forged in the temperature range 1150-1200°C to 15x90xYmm blocks, which were then reheated to 12OO'C before quenching. Since alloys must not be brought to forging temperature too quickly, otherwise microcraks develop and the material loses its workability, the blocks were first preheated in 30 minutes to 7OO'C and then transferred to the oven at 1200°C.
Ni-Cr-N system
A peritectoid reaction has been observed by dilatometry in the alloys Ni30CrO.9N, Ni30Cr4Mo0.7N, Ni30Cr8Mo0.7N and Ni30Cr5W0.75N. Dilatometry was carried out in an argon atmosphere with a constant heating and cooling rate of 0.2 "C/s, in the 900 to 1300°C temperature range, where the reaction was expected.
High temperature properties
Two alloys were selected for testing the high temperature effect of the nitrides at 1100°C: Ni30Cr6Co0.6N and Ni30Cr8Mo0.4N. At this temperature in the former the equilibrium phases are Cr,N and y, while in the latter are 7c and y. The alloys were aged at 1 100°C in air for 835 hours. High temperature tensile tests in air were carried out with a Schenk hydraulic machine at 1OOO'C at a constant rate of 2 mm/min. A first series of alloys was produced in order to study the effect of nitrogen in solid solution in the Ni30Cr5 W alloy. Specimen were tested after 45-60 stabilization at 1000°C f 0.5'. The temperature was monitored directly from a thermocouple placed on the specimen surface. Standard M-10 tensile specimens with a diameter of 6 mm and a gage length of 30 mm were used.
Other characterization
Chemical analysis were conducted with a EDX analyzer, for metallic elements, on a CamScan scanning electron microscope, working at 20KV. Nitrogen content is measured with a LECO TC-436 Nitrogen/Oxygen Determinator, which uses the inert gas fusion principle.
Results and discussion

Alloys microstructure
The microstructures of aNi30Cr6Co0.6N after casting and nitridation, after homogenizing and after forging at 12OO'C are shown in Figure 3 to Figure 5 respectively. The Co-addition did not affect the nitrogen content obtained after nitriding. The cooling after nitriding is fast enough to avoid the formation of the K nitride. Cr,N forms as eutectic lamella during solidification. Homogenizing at 1250°C causes the thin nitride lamella to spheroidise, in order to lower interfacial energy. After homogenizing, the nitride particles have a close to SOurn, and a fairly homogeneous distribution of nitride particles. The nitride volume fraction of the specimen shown in (Figure 5) is 0.12, as determined by quantitative image analysis.
The same manufacturing process was tested on similar alloys alloyed with Ta, MO and W ( Figure 6 ). The nitriding was successful in all cases, even though variations in the nitrogen content occurred depending on alloy composition. As the alloy in the nitriding furnace was cooled down rapidly, the microstructure was composed in all cases of y and chromium nitride lamella. The lamella contain a non negligible amount of Ta (30wt.%), in the alloy where this element is present. After aging at 1100°C for 835 hours, this alloy developed a microstructure composed of y, a Ni-Ta-Cr phase and the n nitride, as predicted by the thermodynamical calculations. The MO-alloyed specimen after homogenization was composed of yand n, while the W-and Co-alloyed specimen were composed of y and Cr,N. In all cases the hot workability was fairly good, and the ni-825 trides were dispersed quite uniformly throughout the volume of the material. Many annealing twins could be observed in the alloys containing tungsten, tantalum and molybdenum additions.
The peritectoid reaction
The phase transformation between Cr,N, y and x phase (see equation 1) revealed a measurable volume decrease in the material of the order of 0.1%. The change was detected by dilatometry, during heating and cooling at a constant rate. It was therefore possible to study this reaction and the effect of alloying W and MO on the material. Figure 7 shows an example of a dilatometry test run on the alloy Ni30Cr0.9N. The measured relative change in length of the specimen was converted into relative rate of length change, which would give a peak in the temperature range of the reaction. Of course kinetics effect must be taken into account and the estimated temperatures are slightly shifted to lower temperatures, if measured during heating, and to higher temperatures, if measured during cooling. The results obtained with different specimens (Table III) show the influence of W and MO on the reaction, i.e. relative stability of the nitrides. As it can be seen both W and MO cause a shift to higher temperatures; two facts can be responsible. On one side, the presence of atoms with a much larger atomic radius, and a lower mobility, can lower the nitrogen diffusivity, and therefore the Jncubation" time of the reaction. On the other side, W and MO can substitute for part of the Cr in the rr phase, as revealed by EDX, and therefore have a stabilizing effect, shifting the reaction to higher temperatures. The K nitride appears to be greatly stabilized by MO, In order to monitor the high temperature stability of the microstructure two alloys were aged at 1 lOO'C, which is the temperature considered as the upper limit service temperature for the present development. The compositions Ni30Cr6Co0.6N and Ni30Cr8Mo0.4N were chosen in order to study the microstructure stability for both Cr,N and n nitrides. Figure 8 shows the microstructure of the two alloys after 835 hours aging at 1100°C (see for comparison the microstructures after forging in Figure 5 and Figure  6a ). As it can be observed, a certain change in the distribution and size of the particles has occurred, while the grain size has increased only very slightly, remaining close to 50-100 urn. This increase in nitride volume fraction probably takes place during annealing at the 826 expense of submicron nitride particle, residues after forging, and of the slightly nitrogen supersaturated y. This is also confirmed by the change in hardness measured after annealing in y in the Ni30Cr6Co06N alloy dropping from 235 f7 IIV".05 to 208 f 3 HVO.05 Mechanical pronerties
Tensile tests at 1000°C were run on specimens of composition Ni3OCr-5W, Ni30Cr-SW-0.17N and Ni-25Cr-8W-0.12N. In both nitrided alloys all the nitrogen is in solid solution; in both cases after annealing at 900°C only a minor amount (<0.5vol.%) of nitride precipitation was observed on the grain boundaries. The results in Figure 9 show remarkable differences in both strength and stress-strain behavior between the nitrogen-free and the nitrided specimens. The strength is basically doubled, and in the nitrided case a pronounced yield point appears (see Figure 9 and Figure 10 ). Moreover, if the tensile test is unloaded for a few seconds, a new yield point appears, showing a strain aging phenomenon ( Figure 10 ). These tested specimens had a quite large grain size between 300 and 400 pm. These results clearly indicate a major role played by nitrogen. The strain aging effect has two possible interpretations. On one side, solid solution strengtheners, on temporarily unloading, are able to diffuse over short distances to dislocation cores anchoring them, resulting in the appearance of a new yield point. The phenomenon is well known: for instance in steels [4] even at 127'C interstitial nitrogen and carbon cause strain aging on reloading after several days. At 1000°C even W atoms may have high enough mobility to participate in the pronounced yield strength, while strain aging, for unloading times of the order of one minute is not likely to be caused by W. Therefore the most likely interpretation is that strain aging is caused by nitrogen, which can diffuse rapidly to dislocation cores. Considering the strong affinity between chromium and nitrogen, clustering or the formation of short range ordering is possible. Then a second possible interpretation is that dislocations are (also) anchored by clusters and under loading once a critical stress is reached brake away or unlocking [21] occurs and a yield point appears. At temperatures high enough, thermal activation allows dislocations to climb and, on unloading, regain an anchored placement, which would cause a second yield point. TEM investigations are necessary for confirmation of this point. On the same alloy, but with a higher nitrogen content (0.75wt.%), x-ray diffraction phase identification analysis was carried out. The diffraction spectrum, shown in Figure 11 , clearly reveals the presence of nickel, a-chromium, traces of Cr,N as well as four peaks which can be attributed to then phase ( (013), (123), (134) and (125) planes) with the g-manganese structure and a lattice parameter of 0.624 nm. At small diffraction angles a wide peak is detected, which can be related to the presence of clusters in the matrix (as indicated by the arrow in the figure). Diffraction angle (20) Figure 11 : X-ray diffraction spectrum for alloy Ni30Cr5W06N (wavelength 0.7092 A, Mo-k,2, CT: 6.5s).
The presence of nitrogen remarkably increases the strength of the material at lOOO"C, while an increase of tungsten, from 5 to 8wt.%, has a less strong effect; the alloy contains though O.l2wt.% N (0.05 less than Ni30Cr5W). In this case, the first yield point is sharper, confirming that tungsten also contributed to it.
Concluding remarks
The stability of the microstructure and the good high temperature strength achieved with the combination of Ni-Cr-N with solid solution strengtheners is expected to be the base of a new high temperature alloys family. Strengths above 150 MPa at 1000°C should be reached, combining the strengthening effects of nitrogen, substitut-ed elements, nitrides and grain boundaries. Creep tests need to be carried out, in order to confirm the inhibition of grain boundary sliding by the presence of nitride particles.
Summarv of results
Ni-Cr-base alloys were nitrided in the liquid phase under high nitrogen partial pressures. For supersaturated alloys, lamellar nitrides are formed during the solidification; these can be broken up and homogeneously disperse in the matrix by means of thermomechanical treatments.
In the Ni-Cr-N system Cr,N as well as the 7c nitride can be formed. Then phase become unstable above 1 180°C but it is strongly stabilized by additions of MO and, less dramatically however, by addition of W. Under 118O'C the n phase appears through a peritectoid reaction accompanied by a volume change of the order of 0.1%. With a dispersion of fairly coarse nitrides a grain size close to 50 pm was maintained after 835 hours at 1100°C. The strengthening by nitrogen and tungsten allowed to reach tensile strengths above 150 MPa at 1OOO'C. Evidence for cluster formation induced by the presence of nitrogen at 1000°C was found, and the appearance of a pronounced yield point and strain aging can, at least partially, be related to it.
